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Abstract

Multicolor Galileo observations of several SL9 impacts permit derivation of
size and temperature information for the fireball phase. Integration of light
curves yields total fireball radiant energy estimates. Event Q 1 has an initial
color temperature of 24000 K. Total radiant fireball energy for G was 8.3 x
102Q ergs. The largest event, L, is estimated to be 1025 ergs. Modelling of

total energy radiated during the fallback  phase shows a much larger energy
release during that period - up to 4 x 1026 ergs for L. The mass required to
provide the equivalent kinetic energy is about 1 x 101 ~ gm, which is a strong
lower limit to initial fragment mass. The fallback energy derived for the R

impact is 1 x 1025 erg, with the strongest spectral constraints. l;allback
energies for H and Q] are about 4 x ] 025 erg, derivecl  from only two
spectral points. The fallback energies extrapolated from the Z.3-pm

lightcurves of the G and K impacts are 7 x 1025 and 9 x 1025  e r g ,

respectively. Uncertainties of the fallback energies arc LIp to an order o f

magnitude. Improvements to these estimates and their uncertainties will

derive from the application of more dct:~ilccl  physical n)(xleIs.

introduction

‘1’he kinetic energy lmnsportcd into [he a(mosphcre of Jupiter by t}le fragmcnls of
Shoemaker-Levy 9 during their impacts is transferred into several different forms. AIlloIlg
these arc temperature changes of the atmosphere, various types of waves, radiation escaping
from the impact events, and the kinetic energy of the material involved with the upwclling
plume and rising fireball. With the re-entry of the latter into the atmosphere, there is further
acoustic and radiative escape of energy, as well as heating of the Jovian stratosphere.

‘1’hc purpose of this l~ticw is to detcrn)it~( reasonable boLIII(ls  to the radiative ~IIcrgy
obscrvc, i irom the impacts. i ~ ! 1 ich can then scl i: as a minimum cs[,i[~atc of the crier::  ~)i’ (Ilc
incomil]+:  I’ragmcnt,  as wc I I

. ..[i .scrvc  as a bou II, l;Iry condltlon  fo] (1~’LaIlccl physical Ii ,,1:  L. s.I ‘1
The information determined by this study bccomcs a useful Illcans to clucida[c  Illore
information about the impact events. For example, wc make a first-order estimate of the
effective radiating temperature at different times during the impact phenomena.

For the purpose of this review, our approach will be to examine Galileo remote sensing
data for a means of estimating the total radiative energy output from the bolide  and fireball
phases of the impact events, using terminology adopted during the last Shoen]akcr-Levy 9
conference (cf. Chapman 1995, Nicholson 1995) and used widely in the SL9 literature. We
then examine the suite of available ground-based observations of the subsequent fall-back
phase or “main event” to estimate the considerable energy released during that phase. We
purposely review only events also observed by Galileo in order to provide a focus for this
review and also to attempt to establish a relationships between the observed phenomena.
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Fireball Phase

The initial fireball phase of several S1.9 impacts were well observed by the Galileo
spacecraft (Martin et al, 1995; Carlson  et al, 1995a; Ilor(i et al, 1995; Chapman et al, 1995).
We mean by the term “fireball” the hot expansion phase of the entry corridor, as well as any
terminal explosion. Although the geometry of the emitting region is complex (lJosloLIgh  et al,
1995), probably invotving  a “line charge” that radiates, expands, and cools along its length,
wc model the emission here for simplicity as that of a spherical blackbody,  growing and
cooling with time. This model provides a ready means of intcrcomparing different impact
events, as well as assessing totat radiant energy.

We focus here on two events, G and Q 1, for which multicolor information is available.
G was observed by the Ultraviolet Spcctromctcr  (~JVS), Near Infrarecl Mapping
Spectrometer (NIMS), and Photopolarimeter  Radiometer (PPR) experiments at wavelengths
from 292 nm to 5 }lm, with a 5.3 scc sampling interval. Q 1 was observed at 678 and 945 nm
by the PPR with a 1.3 sec sampling intcrvat.

The individual measurements have been described elsewhere (Martin et al, 1995;
Carl son et at, 1995a; Herd et al, 1995; Chapman et al, 1995). The process of combining the
UVS, PPR, and NIMS data involves placing them on a common timelinc, in a common
physical unit, and then modclling the data available within each of a number of time bins.

The observed radiance at a given wavelength arises not only from the fireball, but from
light reflected by underlying clouds. That contribution, which varies with wavelength
depending on c]oud reflectivity, is subtracted to find the fireball radiance aloIIc. We believe
that most of the fi[cball emission comes from above the clouds  based on the modclling  by
Carlson  et al (1995a) of band absorption in the near JR spectrum of the G event. ‘1’hcy founci
a pressure ievci above about 200 mb for the upper fireball surface, which is ahovc the likely
ammonia cloudtop.

The reflection of the cloud is mociclicd  to bc 3A COS~, Where Ag is the clouci  geometric
albcdo  and (1 is the angle of ~JdilCO from the zenith. +“hls equation arises from an integration
of the intensity from a spherical fircb:tli seen at the sut fdce of an uncieriying  planar  cloud.
Vaiues of the albccto (Table 1 ) were taken from the work of Karkoscllka (1 994) for
wavelengths below 1 }lm, and from Carlson (1995b) for the NIMS wavelengths. The
al bcdos are those c)f the Jovian disk, imxumcd  to appiy to the ammonia CIOLICI deck alone.

For each time, an iterative manuai process selects a single tcmpcraturc  an~i b]ackbody
diameter to fit the set of measurements:

S, (t)= w(t)l?, (T(t)) (1)

~vhere  m is the \[)l Id angle reprcscll[~~ci  by the firctxli 1, anti B is the f’i:’lltk  function of
~i; ave]ength  ancl (Cllll)cratllreo After dolllg this fitting fol ~.ti~;[l  of the time stcl)s, [i second ~)ass
is made, using the first pass resuits  as a guide. lt is assumcci that the ten~pcrature  declines
witil time, and the ciiamctcr increases. We show in Fig. i the collection of radiance values
used for G, and in Fig. 2 the resulting model surface S(t) that expresses the changing spcctrai
energy distribution. Note that the model shows a peak raciiance  occurring in the visible range
at about 6 seconds. That is both a wavelength and time not sampled by Gaiiico.

For Q1, the raw PPR data involve a low signal to noise ratio (Marlin et ai, 1995). We
chose to smooth the data by drawing light curves through the points (Fig. 3), scaiing  the
results of larger events at 945 ntn (Martin et al, 1995) and the peaked behavior of the SS1
data for W (Chapman et al, 1995). In this way, wc can extract a relatively well-behaved
spectral energy distribution for Q 1, using the same approach as for G. Our coverage of the
spectrum is of course much reduced. The peak of the 678 nm curve for Q 1 is ciearly  much
larger than at 945 nm, implying a high coior temperature. This determination depends
criticality on the accuracy of that flux ratio, which is affected by noise and by the calibration
of those two channels of the PPR. We believe that, in spite of the noise icvel apparent in Fig.
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3, [he overall curve can bc drawn wi[h some accuracy, and tha~ the ratio is unlikely to be in
error by more than 25 %. ‘1’hc nominal uncertainty of the ratio is consistent with color
temperatures in the range 9500-60000 K. The relative calibration was [o have been checked
in JLInC 1996 during the first Ganymedc encounter, but the PPR suffered a filter wheel
anomaly prior to the calibration, leaving the instrument in a radiomctric  filter position. Such
high temperatures and Planck  spectral behavior arc consistent with the predictions of several
researchers for a shocked gas environment (Ahrcns, 1994; Chevalier and Sarazin, 1994;
Borovicka  and Spurny,  1996). Wc can not rule out, however, the existence of line emission
with the meager spectral coverage available.

The resulting temperature and (iiamcter data (Figs. 4, 5) reveal several interesting
features. Note that the G data, with lower time resolution, must be time aligned with Q 1 in
order to intercomparc  the two cases. We do not know the time origin as well for G due to the
5 sec sampling. The chosen alignment expresses the feeling that G would likely show greater
energy than Q 1 in the first few seconds. In this case, initial G data were not sampled by
Galileo, and would have shown even greater radiance in the seconds preceding the first
UVS/PPR detection. It seems unlikely that the weaker Q 1 event would have produced color
temperatures higher than those found for G.

The temperatures of Q 1 fall faster than those of G, most likely due to more effective
radiation through a smaller volume  of heated material. The G fireball grows in size faster,
consistent with a greater total energy.

Wc may intcgrtitc  the area beneath the spectral energy distributions for G and Q 1 to
derive an estimate of the total radiated energy in the fireball phase. It is apparent from Fig. 2
that the bulk of the :irca is in the first 20 seconds of the events. Although wc do not sample
wavelengths near the blackbody  peak for all that time, it is unlikely that the integral is in error
by as much as a factor of two. We derive energies of 8.4 x 1024 ergs for G ancl 3.2 x 10’24
ergs for Q1.

The radiant energy wc compute here is not necessarily the largest part of that convcrtcci
from the initial kinetic energy. Indeed, the energy radiated further in the infrared minutes later
during the “fallback” phase appears to cxcccd  the initial fireball radiation. “1’hc fallback
portion of the energy is converted from the kinetic energy of the rising fireball.

Since both G and Q 1 were measured at 945 nm, wc may plot their peak flux at that
wavelength versus tot:il  radiant energy (I:ig. 6). This relationship offers a means of
characterizing the other impacts for which wc obtained 945 nm data, namely 11 and L (Martin
et al, 1995). The 11 event appears intermediate in intensity, while L is the largest of all, with a
total fireball radiant energy of about 1 x 102S ergs.

The PPR 945-rim lightcurve  data represent a unique set of observing circumstances. In
ord(>’ to establish a SC:! I: [l: that can be apj)l i:d to other impac[s Ilot observed by il: I’1’R,  we
mi:’11( also determine i v.a!ing between till total fireball radl:ll[ energy or the It:lk  945-rim
flux (lJig. 6) and oth~l ~llaracteristics  01 (Ilc observed grou[l&bascd ]ightcui i.>. One of
these, for example, would be a scaling between the peak 945-11111 flux and the peak observed
flux in the “first precursor”, representing the earth-based view of the bolidc radiation, or the
“second precursor”, representing the earth-based view of the fireball radiation (Nicholson
1995a).

There is a wealth of available data. Table 2 lists all the observations made of the
Galileo-observed impacts, although not all these data sets have been published yet.
Observations of both precursors were maclc by several observatories at 2.3-pm, a
wavelength that was popular because radiation from Jupiter’s disk is minimized by strong
CH4 and Hz absorption. Among the impact phenomena observed by the I’PR at 945 nm,
only the first precursors for H and L were observed and calibrated radiomctrical] y, and those
were from Calar Alto (Hamilton et al. 1995). Second precursors, characterizing the radiation
emitted by the fireball rising over the planetary limb, were observed for the G, H, L, and Q 1



impacfs a[ Calar Al[o (Ilanlilmn C[ al. 1995), Mt. Stmmlo (McGregor et al. 1995), and the S.
African Astronomical Observatory (Takcuchi  1996).

Is it possible to establish a universal scaling? Figure 7 shows the relationship between
(I1c peak 945-nn]  flux observed by the PPR and the peak 2.3-pnl flux measured by the
various ground-based observatories. For both the H and L observations, the highly sampled
and relatively accurate lightcurvcs observed at Pic du Midi (Drossart et al. 1995) were
normalized to the calibrated flux observed by Hamilton ct al. (1995); this was important for
the L event, as the Pic du Midi observations included a pronounced second-precursor local
maximum at a point where there was a hiatus in the Calar Alto mcasurcmcnts.

The substantially non-linear nature of the relationship shown in Fig. 7 is unexpected,
particularly given the mere 20% difference between the peak 945-nnl  fluxes of the G and L
impacts (Fig. 6). While it is the L impact radiance that appears to digress from linearity the
most, it is the G impact radiance that is likely to be too low, as the data at 2.3 pm are derived
only from the Mt. Stromlo  observations (McGregor et al. 1995), which have a coarser time
sampling than the other observations. The uncertainties charactcriz.  ing the absolute
radiometric calibration of many of these results arc unreported. As wc demonstrate below,
several observations of the same event at a wavelength of 2.3 pm show differences of the
peak flux on the order of 50%. Keeping that in mind, the PPR 945-rim flux of the R impact
(recorded but not returned to Earth) is probably on the order of’ 1.1 x 10-14 W m-z pm-1,
based on the wcl]-established Kcck observation of the second precursor flux (Graham ct al.
1995), which is about 8 x 10-13 W m-2 pm-1. The relationships suggested by Fig. 6 and Fig.
7 together can also provide a means for relating this value to the total radiant energy loss in
the bolidc/fireball  phase for impacts not observed by Galileo. F’urther data from the SI’IREX
South I’olc astronomical s[a(ion, which covcrcd  the largest number of impact cvcn[s, might
help further to verify this scaling.

l:allback  (“Maill 1 ivent”) Phase

A fairly sophisticated physio-chernical  model is required to dcscribc the radiation
emerging from both continuum and line emission sources during the atmospheric shock  re-
entry of atmospheric dust and gas during the fallback  stage of c;ich event. Such models  do
not yet exist. Zahnle  ( 1996) estimates the total impacting energy for fragment R as -4 x 1026
ergs. Iktirnatcs  of the tcrnpcrature  characteristic of the fallback  emission have been (icrivcd
from NIMS data (Carlson  C( al. 1995) as 300 K (4-5 pm), or -1000 K (2-4 pm); from
Palomar 3-13 pm observation as 550-1000 K (Nicholson et al 1995b); and from the A AT
2.0- to 2.4-yin spectral observations as 400 K near the start of the fallback  event and 600-
800 K later (Meadows ancl Crisp 1995). Onc of the potential problems with these estimates is
a confusion between continuum emission from gases and dust with gaseous line emission,
which may also be non-I .“1’1;  in nature (Meadows and Crisp 1995). Another is a failure to
cmulat{’ tt’avclcngth-dep~  1 Icnt crnissivity  of fl~[st accurately, (oll~pounded  by a 1’ i I(lrc to
accounl  ~“or weak and un!])c)dc]lcd  gaseous [’{liltinuun]  absorpticl~l  or emission at s[! !1 high
tcmpcl’a(ums.

Our approach here is more heuristic, with a very limited goal of estimating the fallback
energy, using some simplifying but reasonable assumptions. First, we assume that the area
of emission is constant with time and defined by the area of the dark visual cjccta (e.g.
Hamtncl et al. 1995) or thermal glow pattern (Orton ct al. 1995). Second, wc assume a
blackbody  spectral distribution fit to the spectrum observed over a broad wavelength range.
Third, we assume that the emission is isotropic, i.e. arising from an optically thick region,
qualitatively consistent with the high opacities required by Zahnle  and MacLow (1995) to
match the R impact lightcurves at wavelengths bctwccn 2.3 and 4.5 pm. The resulting
emission is then scaled point-by-point in time to the observed lightcurve. This simple
modelling  accounts for the basic geometric variation in area of the emitting region visible to
the earth-based observer at any given time.

We have combined data sets to create a continuous -2-ytn lightcurve  for impacts C, H,
K, L and R (Figures 8-12 respectively). While of great interest for comparison with Galileo
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results, the only accurate Iightcurve  for the G impact yet available is from Mt. Stromlo ‘
(McGIegor ct al. 1995). I.o[lgcr-wtlvclcllg[t]  observations from Kcck and the IRT1: extend
only to 5 ~m, and only part of the lightcurve was obscrveci, under difficult weather
conditions. Although of no direct interest for comparison with ~JdikO results, the C impact
lightcurvcs (Fig. 8) arc instructive in the sense that (hey help to characterize the absolute
calibration differences bctwccn  various observatories. l’hc main event observations from the
IRTF (Orion C( al. 1995; Ciogucn 1996) an(i Okayama  (Takcuchi et al. 1995) arc in excellent
agreement, but the Mt. Stromlo observations arc some 50-6090 brighter. For the I I impact
(Fig. 9), the recently reduced lightcurvc observed at the S. African Astronomical Observatory
is very useful in completing the lightcurvc  observed only partially without saturation at Calar
Alto (Ilamilton ct al. 1995), and the two agree well where they overlap in time. For the K
impact (Fig. 10), the Okayama lightcurvc  (Takcuchi  et al. 1995) is -2 -2.5 tin~es  the Mt.
Strornlo lightcurve  (McGregor et al. 1995). Weather or divergent calibration systems might
be responsible. McGregor et al. warn that the observations of the brightest events may have
easily saturated their detector, anti their lightcurvcs  might best be considered lower limits - a
consideration which should probably be applied to their G impact ligbtcurvc. For the 1,
impact (Fig. 11), wc have shown an upward scaling with a small offset in time for the K
impact lightcurves given in I:ig. 10. These help to fill in the gap where the Calar Alto
lightcurve  (Hamiiton  et al. 1995) became saturated. For the R impact main event (Fig. 12),
the Keck and Mt. Stromlo Iightcur-vcs  arc in excellent agreement, although the precursor
observations recorded by Kcck arc substantially higher. Thus, though systematic problems
such as detector saturation may have created differences as high as factors of 2 - 2.5 in the
observations of the brightest impacts, the worst disagreement wc note is no more than 60%
for the C impact main event. Most of the observations wc considered above are consistent
with one another at the 10- 20% level.

Estimates of the temperature of the fallback phase arc shown in Figures 13- 16. I:or
most of the observations, this is a cmdc two-wavelength color tcmpcraturc. I]owcver for the
widely observed R impact (Fig. 13), [Jbscrvatiorls spa[l (1 wavelengths bc[ivcen  2.3 and 12.5
pm. Blackbody  temperatures bc[wecn  900 K in the earliest phases and 700 K in the later
phases of the R main event arc characteristic of the gross spcctrai shape. “1’hc 700-Kelvin
blackbody  curve, in fact, dots ex(remcly well at fitting the spectrum of the fallback radiation
at its peak some 10 min. after impact. At later times, (he bright 10.3-pm spectral peak
observed at the IRTF (Friccison  et al, 1995) likely arises from silicate emission in the failback
material, as seen in the F’alom:ir  spcc[rum (Nicholson et al 1995b). The impact regions arc
prominent at this wavelength for many (iays afterwar(i  (Orton et al. 1995). l’hc temperatures
for H (Fig. 14), L (Fig. 15) and Q 1 (lJig. 16) all use the 11 .9-pnl  observations taken at the
Nordic Optical ‘1’clcscopc (Lagagc et al. 1995) to determine the color temperature. A reference
to Fig. 13 shows that those mcasurcmcnts may miss important emission from the 10-pm
region, although the absolute values appear to be higher. These derived tcrnpcratures fall
within a range roughly bounded by -400-900 K. The center of this range and its extremes
can be used to define broad limits to a spectral distribution that is constant  in time. Aithoug]]
it is a sinlplificil i,)n of time varial  ~. ~’on[iitiorls,  the 1 tlt::c of tcmpcratu],>  in the models is
sufficient to dell i,. the variation of ~ .ctral (iistributio[l  :’(JJ most of the mai [ ~svcnt.

The integration of the total ra(iiativc output of the faliback  phase can be computed,
assuming a spectral distribution derived from a blackbody  whose temperature is constant in
time, from any single observation set, using

for the optically thick case, or

E = 27uYp~FA  ““’(&t)dt
to

(2)

(3)



for the optically thin case, where D = ctistancc  to the observer; A = diameter of the emitting
area; Clo = solid angle subtended by the emitting area on a plane normal to the line of sight;
Q(t) = solid angle projected by the emitting area to the observer; FZ~hs (kO,t) = observed
flux; and, assuming that F~ is proportional to Bk(TCf~),

jBA (T,fl )dA
P —. —— . .—. —

BA (Ao) “

The value of p is easily determined and is fixed for a given temperature and wavelength
(Table 3). The self-consistency of the radiative output for the same impact from a variety of
wavelengths using this technique can be used to indicate the extent to which the temperature
assumptions are vatid, although it is only an alternative means for illustrating the spectral
distributions shown in Figs. 13- 16.

The presence of a spectral feature attributable to silicate particles in the spectrum of
Nicholson et al ( 1995b)  ancl their solution for the optical thickness of the emitting layer, z =
0.02, favor the optically thin approximation. Note (hat 13q. (3) is equivalent to Eq. (3) of
Nicholson et al ( 1995b) without the wavelength dependence of emissivity.

To first order, wc would expect the estimate of the total radiative energy output to be
independent of the size or geographic distribution of the emitting area. E~vcn for the optically
thick approximation (Eq. 2), it is only the ratio of the emitting area to its projection toward
the earth-based observer that matters; the product of the radiative power and the emissivity
:irc subsumed tog[>[t]er  and cor~strainLd by the obscrvatit~n itself. Howevc[.  in the first few
minutes of the obstxv:ition,  it is clcal from Figs. 9- 12 that the emitting area 1s not even past
the planetary limb and the effective emitting area must be well beyond tlic single point of
impact. This implies {hat the estirnatc  must include radiation not observable from the earth if
the emitting area is optically thick.  C)n the other’  hand, both the cal [1)-l) ascct  fallback
lightcurves  for G al]d R and those of the NIMS instrument show similar times for the onset
of the “main cwmt”, demonstrating that (hem were probably no “main cvellt” phenomena
unobserved from [he earth. It is also probable in an optically thin case that u’hen the impact
site is still nominally behind the limb, its altitude is sufficiently high that it can be detected
from the earth, gaseous attenuation by 112 absorption ancl Rayleigh  scattcrirlg being negligible
at these wavelengths.

We can place some limits on the emitting region. It is clear from the earliest impacts,
which were farthest from the limb, such as C (Fig. 8), that the rise of the main event
lightcur-ve  occurf,  ! ~vhile  the irnp:ic[  l)[~int  was some (~ 7“ in longitude I’i fll the planetary
limb. Observati(~l\ at various wal[l,ngths made at [I(* !RTF show th:]l  l!lc emission is
,lcllera]]Y  Coincic]clll  \vlttl  the regions liiiit  arc visually da[ !i with impact ejecla (e.g. Ilamrnel et
~1. 1995), at least late in the lightcurvc.  For the purposes of this review, wc make two
limiting assumptions: (1) the fallback radiation is uniformly distributed around the area within
7° of the impact site, (2) the radiance is uniformly distributed around an area within 13° of
the impact site, this value corresponding to a rough mean over impacts for the outermost limit
of the dark ejects “Pan” from the impact site. We note that it is possible that the emission has a
non-uniform spatial distribution. The areas closest to the impact point appeared brighter than
the ejects regions in the IRTF data. However, this distribution has not yet been measured,
and for now we retain our more simple assumption of uniform brightness.

Table 4 shows the results of this approach. It is clear that the 2.2 and 2.3-pm
observations arc most sensitive to the various assumptions about the blackbody  temperature
controlling the spectral distribution. The difference between the sizes of the emitting disk
appears to make at most a 30% difference in the results. However, we caution that the



emission is not radially symmetric about the impact point .”l’he broadly observed R impact
shows the greatest internal consistency if one assumes a relatively high value for the
equivalent blackbody temperature, about 800 - 900 K, with values of 1 x 102s erg.
However, this result is relatively low; for example, it is comparable to the energy derived
from (hc Q 1 impact. This is largely the result of the lower longer-wavelength flux for R from
the IRTF (Friedson et al. 1995), relative to those of the Nordic Optical Telcscopc  (I,agage et
al. 1995) for the other impacts. The appropriate choices for the other two-color “spectra” are
less obvious, and our aclopte(i  values for the single-color observations are simply taken from
the 650-K “mean” ternperaturc.  Such a level of approximation dots not warrant detailed
intercomparisons bctwccn  the total impact energies of the various impacts.

Despite the fact that these numbers are probably uncertain by up to an order of
magnitude, some conclusions can bc reached. First, the numbers arc consistently larger than
those for the bolide/fireball  stage. This is both a result of the length of this phase in time and
the much larger area covered by the emission (Zahnle and MacLow 1995). For the L impact,
B6zard et al. (1996) have estimated that the total energy deposited by the impact into the
thermal ization of the stratosphere is about 3 x 1026 ergs, implying, to the uncertainties of this
crude numerical review of the data, a rough cquipartition  of the energy between the fallback
phase radiation and atmospheric heating.

The radiant energy estimates may be equivalence to the kinetic energy of a fractional
part of the initial fragment. This forms a strong lower limit to the mass of the fragment,
Assuming an initial entry speed of 60 krnlsec, the largest impact fragment (L) would require
2 x 1013 gm to supply the energy radiated in the fireball and fall back phases. ‘i’hc smallest of
the set described here (R) would require a mass at Icast 7 x 1011 gm. At a density of 0.5
gm/cn13 (Asphaug  and Benz, 1994; Solcm, 1994), these rnasscs imply diameters of210 and
70 m, respectlvcly,  but we emphasize that mass is the more strongly constrained parameter.

1( is intcrcs[ing  to compare the relative contribu~i~)n  of the fireball radiation, well
observed by Galileo, and the larger failback  phase infrared radiation. For G, wc calculate that
the fireball radiant energy was 4% of the total. On this basis, it seems unlikely that the
carthbascci observers missed a large parl of the radiated energy.

Future work.

There is clearly more work that can bc done to determine a better spectral distribution,
the best being simple models to fit (iata from (iiverse spcctrai regions, such as those from tile
Anglo-Australian Telescope (Meadows ct al. 1995), I’alomar  (Nicholson et al. 1995), and the
Kuipcr Airborne Observatory (Sprague ct ai. 1996) broad spectra of the various impacts.
However, there are also additionat data sets, including the South Polar SPIR13X data at 2.22
an(i 2.36 Urn (Scvcrson  1996), and F.uropcan  Southern Oi~scrvatory TIMM1 Ciata at 10 pm
( 1.ivcngood  et ii! 1995), that ha~( \ct to be publis!,(tl in a final c:ili~r:i(cd  form. A
(quantitative ChCC1 .~II1 bc made On III: :Iccur-acy of rno[i[’ I\ for tile earliest I:! I i:itio[l  frorll t}lc
1 Lrcbail  in the casr of” tile G and R inli)a~ts by comparing \\ ’i[i] NIMS obsmva[ions.

We thank several investigators and their teams for making data available to us in
numerical form: J. Graham and I. de Pater, P. Lagage, P. McGregor, P. Nicholson, and S.
Takeuchi - particularly for his S. African Astronomical Observatory lightcurvcs  in advance of
their publication. We also thank K. L. Jessup  for information on tile distribution of impact
ejects, and R. Carlson  for suggesting the importance of cloud rcficction.  This review was
funded by the Galileo Project Office and This research was carried out by the Jet Propulsion
Laboratory, California Institute of Technology, under a contract with the NASA Office of
Space Science, Planetary Astronomy Discipline through the Shoen~aker-Levy  9 Data
Analysis program.
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l;ig. 1. Radiance data from the G;ililco  lJVS, PPR, anti NIMS experiments for the
fragment G impact event.



l:ifi. 2. Model of the spectral energy distribution for tt]c G i[l~pact,  obtained  by
fit[it]g  the data shown in Fig. 1. Note different vertical scale.
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Figure 7. Plot of the peak “second precursor” flux mcasurccl  from various ground-based
observatories near 2.3 }~m vs tile bolidc/fireball flux measured at 945 JIm by the Galileo
Photopolarimetcr/Radiometer. Aclll-vc  goillgtllrollgtl  rllostof  t]le Ciatais  il]sostlowrl.  “1’hc
small inconsistency of this cLIrvc with the measure(i Q 1 points may be a result of the lar.gcr
uncertainties associated with the relatively faint Q 1 event.

Figure 8. The lightcurvcs for the C impact observed at 2.3 pm at Mt. Stromlo / Siding
Spring Observatory (McGrcgo]  et al. 1995; filled circles), Okayama Astrophysical
Observatory (Takeuchi  et al. 1995; open circles), and the NASA Infrared Telescope Facility
(Orton et al. 1995; Gogucn,  1996; filled cliamonds).  The time corresponding to the impact
point crossing Jupiter’s limb onto the observable disk is noted by the vertical dashccl  line in
this figure and in Figs. 9- 12. Note the good agreement between the Okayama and IRTF
observations for the main event; the Mt. Stromlo  observations are some 55% higher.

Figure 9. The lightcurves  for the I I impact observed at 2.3 pm at Calar Alto Observatory
(Hamilton et al. 1995; filled circles), Pic du Midi Observatory (Drossart et al. 1995; filled
diamonds), and the South African Astronomical Observatory (Takeuchi  1996; open circles).
The Pic du Midi data lack absolute radiometric  calibration and have been fitted to the other
data sets using a constant best fit scaling factor. Note the excellent agreement between the
absolute radiometric  calibration of the Calar Alto and South African data.

Figure 10. The lightcurvcs for the K impact observed at 2.3 pm at Mt. Stromlo / Siding
Spring Observatory (McGregor et al. 1995; filled circles) and at Okayama Astrophysical
Observatory (Takcuchi  et al. 1995; open circles). The Okayama observations appear to bc
some 2 -2.5 times higher than those of the main event observed at Mt. Strom lo.

Figure 11. The lightcurvcs  for the 1. impact observed at 2.3 }~m at Calar Alto Observatory
(I]amilton  et al. 1995; open circles) and l’ic du Midi Observatory (Drossart et al. 1995; filled
diamonds). Just as ft)r the 11 impact, [hc Pic du Midi data lack absolute I:idiometric
calibration and have been fitted to the Calar Alto data set using a constant best fit scaling
factor. The Okayama and Mt. Stromlo K lightcurves  presented in Fig. 10 are also given here
after being scaled upward by a factor of 2.5. The agreement between the morphology of the
more fully observed K lightcurvcs  and ttlc incomplete observations of the 1. lightcurve  is
sufficient to use the scaled K observations as a substitute for a directly observed ]ightcurve
for the purpose of integrating the total lightcurve radiance.

Figure 12. The lightcurvcs  for the R inlpact observed at 2.3 pm at Mt. Stromlo / Siding
Spring Observatory (McGregor ct al. 1995; filled diamonds) and the W. h4. Keck
Observatory (Graham ct al. 1995; filled circles). Note the good agreement between these
lightcurves for the peak of the main event, although there are large differences in the
observed precursor flux.

l;i:!lrc 13. Radiom.:1  ic observations (I: ttlc R impact at .lil’[’~rcnt moments  ,1) [Ile “main
c’:(li[” Iightcurvc  fol- :Ilc range of obscl \ (d wavelengths. ‘1’tlis  plot incorpori~l.’s  data from
h4t. Stromlo (McGr-cg,or ct al. 1995), Kcck (Graham et al. 1995), Palomar (Nicholson et al.
1995), ancl the NASA IR1’F (Fricdson et al. 1995). An approximate best-fit color
temperature is also shown with the crude spectrum shown at each time step in this figure and
in Figs. 14- 19.

Figure 14. Radiometric  observations of the H impact at different moments in the lightcurve
for the range of observed wavelengths. This plot incorporates data from Calar Alto (Hamilton
et al. 1995), Pic du Midi (Drossart ct al. 1995, scaled as shown in Fig. 9), S. African
Astronomical Observatory (Takcuchi  1996), and the Nordic Optical Telescope (Lagagc et al.
1995).

Figure 15. Radiometric  observations of the L impact at different moments in the lightcurve
for the range of observed wavelengths. This plot incorporates data from Calar Alto (Hamilton
et al. 1995), Pic du Midi (Drossart  et al. 1995, scaled as shown in Fig. 9), the Nordic Optical
Telescope (Lagage et al. 1995), and the average of K impact observations at Okayama



Astrophysical Observatory (’1’akcuchi ct al. 1995) and Mt. Stmmlo  / Siding Spring
Observatory (Mc(ircgor et al. 1996), scaled as shown in l~ig.  10.

Figure  16. Raciiolnetric  observations of the Q 1 impact at (iiffcrent moments in the lightcurvc
for the range of observed wavelengths. This plot incorporates ciata from the S. African
Astronomical Observatory (1’akcuchi  i 996) and the Nordic Optical Tcicscopc  (1.agagc  et al.
1995).
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Table  1 . Cloud Reflection Parameters

Wavelength Geometric A1bedo
__..  ---------  ----------------------------------------------  ----------------

292 nm 0.29
678 0.53
945 0.45
1.84 p~ 0.05
2.69 0.20
4.38 0.02

Table 2. Earth-Ilased  Data Corresponding to Galileo-Observed
I m p a c t s

]mpactor Ins t rument Wavelength

G Galileo UVS 292 *,*1,

Galileo NIMS 0.7-5.3 pm
Galileo PPR 945 nm
Anglo-Australian Tc]cscopc 2-2.5 ym
Mt. stIOIll10 2.3 }1111

SPIREX 2.3 }LIII
Keck 3.4 pm

K

HST Wl;/1’C2
Swedish Solar Tclcscopc,  1.a Palma
Gregory Coude Tclcscopc
Calar Alto
IAC-80
Galileo PPR
S .  African Astron. 01)s.
Pic du klidi

SPIRIjX
Eso
Nordic Optical Telescope

555-890 nm
v

6 1 1  n m
727 11111, 2.3, 3.1 ILm
750,892,  950  11111

945 nm
2.2 j[m
2.3 pm

2.36 pm
10 pm
11.9 ~111

Galileo SS1 890 nm
Anglo-Australian Telescope 2-2.5 ~m
A r m y  Survcillancc Testbcd 2-15 pm (3 than.)
Okayama  Astrophys. Ohs. 2.3 pm
Mt. Stromlo 2.3 ~1111

SPIREX 2.36 pm



.

N

Q1

R

w

~lC~OI”y  cO~ldc  ‘1’clcscoPc 611 nm

IAC-80 750,892, 950 11111

German Solar Vacuum Tower Tel. 890 nm
Jacobus  Kaplcyn Tel . 890 nm

Galileo PPR 9 4 5  nm

Calar Alto
Pic du Mid
SPIREX
Palomal
rso

1.2, 2.3 ~[111

2.3 pm
2.36 pm
4.5 pm
10 pm

Nordic Optical Telescope 11.9 pm

Galileo SS1 890 n m

Anglo-Aust ra l ian  Telescope 2.3 pm

S w e d i s h  S o l a r  T e l e s c o p e ,  I.a Paltna V
Gregory Coudc  Telescope
Galileo PPR
Calar Alto
IAC-80
S. African Astron. Ohs.

SPIREX
Nordic Optical “1’clcscopc

Table  hfoun[ain  ohs.
Galileo NIMS

Anglo-Aust ra l ian  Telcscopc

M t .  Stromlo

McDonald Obs.

Kcck
SpIR~x

]’alomar

11ST Wl:/P(;2
Galileo SS1
Anglo-Aust ra l ian  Telescope

M t .  Stronl]o

6 1 1  n m
678, 945 nm
7 2 7  11111

750,892,  950  nm
2.2 p m

2.36 pn~
11.9 ~m

890 *,,1,

0.7-5.3 pm
2-2<.5 p nl
2.3 pm
2.3 pm
2.3 pm
2.36 pm
3.4, 4.5 ![ln

555-890 nm

5 6 0  nm
2-2.5 ~m

2.3 urn



.

Tab]e 3. S c a l i n g
the spectrum to

factors for conversion from one point in
the integrated blackbody spectrum (}[ m )

ii, pm ‘r: 4 0 0 6 5 0 900 K

2.30 1543.3690 26.316815 6.6722950
3.30 82.075614 7.9095043 4.9027961
4.50 21.145553 6 . 7 7 7 9 6 0 3 6.2187126
7.90 11.189051 12.875135 20.082110
10.3 14.297633 23.747210 42.882729
11.9 18.057005 34.997028 67.179523
12.2 18.910885 37.537665 72.739992

‘l’able 4. Radiative Fallback Energy, erg, assunling emiss ion
from a uniform disk

Optically thin Optically thick
Disk Radius: ~o 13° 7° 13°

.——___— _.- ——_— ——— ——— .—— —. ——— —. ——— ——__--__ —___ —___ ——— ——— —- .—.  ———  ——— ——

G impact

Mt. Stromlo  at 2.3 pm:

T~ = 400 K: 1.82 x 1027 6.29 X 1027 1.54 x lo’2~ 1.39 x 10’2s
650 K: 3.11 x 10’25 1.07 x 1026 2.63 X 1026 2.37 X 102~
900 K: 7.88 x 10’24 2.72 X 1025 6.00 X 1025 6.00 X 1025

Adopted G Value: 7 x 1025

11 impac(

S. Africa at 2.2 pm:

T B = 400 K: 4.67 X 1026 1.61 X 1027 5.33 x 1027 4.93 x 1027
650 K: 7.97 x 10’24 2.75 X 1025 9.09X 102s 8.41 X 1025

900 K: 2.02 x 1024 6.97 X 1024 2.30 X 102s 2.13 X 102s

Nordic Optical Telescope at 11.9 pm:

TB = 400 K: 3.56 X 1025
1.23 X 1026 2.13 X 1026 2.00 x 10’26

650 K: 6.89 X 102s 2.38 X 1026 4.12x 1026 3.87 X 1026
900 K: 1.32 X 1026 4.56 X 10’26 7.91 X 1026 7.43 X 1026

Adopte(i  H Value: 4 x 10ZS



K impact

okayama  at 2.3 ~ml:

TB = 400 K: 2.39 X 1 027 8.24 X 1027 2.59 X 102~ 2.42 X 10z~
650 K: 4.07 x 10’25 1.40 x lo’2~ 4.42 X 1026 4.13 X 1026
900 K: 1.03 x 1025 3.56 X 10’2s 1.12X I02G 1.05 x 1026

Adopted K Value: 9 x 1025

1. impact

Okayama at 2..3 pm, scaled upward by a factor of 2.5:

~B = 400 K : 5.97 x 1027 2.06 X 10z~ 6.47 X 1028 6.06 x 1028
650 K: 1.02X 1026 3.51 x 10’26 I.lox 1027 1.03 x 10’27
900 K: 2.58 X 102s 8.91 X 102s 2.80 X 1026 2.62 X 1026

Nordic Optical Telescope at 11.9 pm:

TR = 400 K: 2.09 X 1026 7.21 X 10’2~ 7.23 X 10’26 8.70 X 1026
650 K: 4.05 x 10’26 1.40 x 1027 1,40 x 1027 1.69 X 1027
900 K: 7.77 x 1026 2.68 X 1027 2.69 X 1027 3.24 X 10’27

Adopted L Value: 4 x 1026

(.)1 impact

S. Africa at 2.,3 pm:

TD == 400 K: 6.87 X 1026 2.37 X 1027 8.46 X 10’27 7.79 x 10’27
650 K: 1.17X 1025 4.04 x 1025 1.44 x 10’26 1.33 x 10’26
900 K: 2.97 X 1024 1.02 x 1025 3.66 x 10’25 3.37 x 10’25

Nordic Optical Telescope at 11.9 pm:

TB=:  4(} K : 1.83 x io?~ 6.32 X 10-’ 1.25 X 1026 i.13xlo26
050” K: 3.55 x lo~f 1.22 x 10)(’ 2.43 X 10’26 .!.19X 10’26
900 K: 6.81 x 10’25 2.35 X 10 20 4.67 X 1026 4.20X 1026

Adopted Q 1 Value: 4 x 102s

R impact:

Keck 2.2-}lm:

TB = 400 K: 3.81 X 1026 1.31 x 1027 1.52 X 1028 4.46 X 10’27
650 K: 6.49 X 1024 2.24 X 10ZS 2.59 X 1026 7.95 X 102s
900 K: 1.65 X 1024

5.68 X 1024 6.57 X 102s 2.02 X 102s



Palonlar,  3.4-~lnl:

TD= 4 0 0 K :
650 K:
900 K:

Palomar, 4.5-ynl:

T~= 4 0 0 K :
650 K:
900 K:

IRTF, 7.85-pm:

TB= 4 0 0 K :
650 K:
900 K:

.

8.58 X 102S 2.96 X 1026 1.08 X 1027 9.86 X 10’26
8.27 X 1024 2.85 X 10’25 1.04 x 1026 9.50 x 10’25
5.13X 10’24 1.77 x 1025 6.48 X 102s 5.89 X 102s

1.56 x 1025 5.37 x 1025 I .39 x 1026 1.85 X 1026
4.99 x 10’24 1.72 X 1025 4.44 x 10’25 5.93 x 1025
4.58 X 1024 1.58 X 102s 4.08 X 1025 5.44 x 10’25

1.23 x 10’24 4.24 X 1024 1.23 x 102s 1.11 x 10’25
1.41 X 1024 4 . 8 8 x  1 02 4 1.41 x 10’25 1.28 X 10’2s
2.21 X 1024 7.61 X 10 2 4 2.20 x 102s 2,00 x 1025

lRTF, 1 ().3 -Ilnl:

TD = 400 K: 2.01 X 1024 6.94 X 10’24 1.38 x 1025 1.32 X 10’25
650 K: 3.34 x 1024 1.15X 1025 2.30 X 1025 2.19x 1025

900 K: 6.03 x 1024 2.08 X 10’2s 4.15 x 1025 3,95 x 1025

IRTF, 12.5-pn]:

TB = 400 K: 1.57 x 1024 5.43 x 1024 1.06 X 1 02s
9.94 x 1024

650 K: 3.29 x 1024 1.13X 1025 2.22 x 10’25 2.08 X 1 025

900 K: 6.06 X 1024 2.09 X 10ZS 4.08 X 1025 3.82 X 1025

Adopted R Value: 1 x 1025

Note: Adopted values are uncertain by a factor of -10.


